A functional vascular supply is critical for the continued growth and development of solid tumors. It also plays a major role in metastatic spread of tumor cells. This importance has led to the concept of targeting the vasculature of the tumor as a form of cancer therapy. Two major types of vasculartargeting agent (VTA) have now emerged: those that prevent the angiogenic development of the neovasculature of the tumor and those that specifically damage the already established tumor vascular supply. When used alone neither approach readily leads to tumor control, and so, for VTAs to be most successful in the clinic they will need to be combined with more conventional therapies. However, by affecting the tumor vascular supply, these VTAs should induce pathophysiologic changes in variables, such as blood flow, pH, and oxygenation. Such changes could have negative or positive influences on the tumor response to more conventional therapies. This review aims to discuss the pathophysiologic changes induced by VTAs and the implications of these effects on the potential use of VTAs in combined modality therapy.
Introduction
The development of a functional blood supply is essential to most solid tumors (1, 2) . Typically, tumors can only grow to a few millimeters in size before the tumor cells begin to exist beyond the diffusion distance of oxygen and other essential nutrients. Further growth and development of the tumor then requires the formation of a vascular system to meet the demands of the growing tumor mass. The neovasculature that arises does so from the normal host vessels by the process of angiogenesis (3, 4) and not only provides tumor cells with oxygen and nutrients necessary for survival but is also the principal vehicle for metastatic spread (5) . Furthermore, the tumor vascular supply influences the microenvironmental conditions within tumors and as such has a significant effect on the tumor response to therapy (6, 7) . The importance of the tumor neovasculature thus makes it a potential therapeutic target.
Targeting the tumor vascular supply for cancer therapy is not a new concept. Indeed, the deliberate use of bacterial infections in cancer treatment in the 1800s involved an effect that was at least partially mediated through vascular targeting (8) . Furthermore, as early as the 1920s, the concept of specifically targeting tumor vasculature as a potential therapy was proposed (9) . However, it is only more recently that the use of vascular-targeting agents (VTA) has become established as a viable possibility (10, 11) . Two major approaches have now emerged. One is based on controlling the blood vessel development by inhibiting the angiogenesis process [angiogenesis-inhibiting agents (AIA)], and the other involves compromising the function of the already existing blood vessels [vascular-disrupting agents (VDA)]. It is now becoming increasingly clear that vascular effects are involved in the action of other therapies, including certain types of chemotherapy, radiotherapy, and inhibitors of epidermal growth factor receptor or cyclooxygenase-2 (12) (13) (14) , but because the vasculature is not the principal target of these other therapies, they will not be discussed in this review. Instead, we will restrict our comments to those therapies that are specifically designed to target tumor endothelium with little direct effect on the neoplastic cell population.
Regardless of the VTA approach used, it is unlikely that any VTA on its own will lead to tumor control, and the clinical potential of such agents will most likely be realized when combined with more conventional therapies. However, the tumor vascular supply can play a critical role in determining tumor response to such conventional treatments. The tumor blood supply will influence the delivery of blood-borne agents, including chemotherapeutic drugs, antibodies, and gene therapy approaches. It also controls the tumor microenvironment, and this is known to influence tumor response to drugs, radiation, and heat. Because VTAs affect tumor vascularity, they most likely will induce pathophysiologic changes that can have both a negative or a positive influence on the therapy with which it is combined. The aim of this review is to summarize the pathophysiologic changes caused by VTAs and discuss the implications of these changes when using VTAs in a combined modality setting.
Vascular-Targeting Approaches
Although AIAs and VDAs both target the tumor vascular supply, they are two distinct approaches (15) . AIAs are designed to prevent further development of the tumor neovascular network. Numerous agents capable of inhibiting new blood vessel formation have been identified, and each affects at least one of the several important stages of angiogenesis. The primary targets are the angiogenic factors, which play the most significant role in neovascularization (16) . These are secreted by the tumor cells and are up-regulated by various environmental factors, such as hypoxia, loss of tumor suppressor gene function, and oncogene activation (16, 17) . Of these angiogenic factors, the most potent and specific is vascular endothelial growth factor (VEGF), which not only is crucial for endothelial cell proliferation and blood vessel formation but also induces significant vascular permeability and plays a key role in endothelial cell survival signaling in newly formed vessels (16, 17) . VEGF has been targeted by a variety of strategies (18) (19) (20) (21) , including monoclonal antibodies [e.g., bevacizumab (Avastin) and DC101], inhibitors of endothelial cell receptor-associated tyrosine kinase activity (e.g., SU5474, SU6668, ZD6474, and PTK787/ZK 222584), and antisense. Other approaches, including those targeting basement membrane degradation, endothelial cell migration, endothelial cell proliferation, and tube formation, have also been actively considered (18) (19) (20) (21) . Many of these antiangiogenic therapies are currently under clinical evaluation (18, 20, 22) .
VDAs are agents that cause direct damage to the already established tumor endothelium (10, (23) (24) (25) (26) . These include physical treatments, such as hyperthermia or photodynamic therapy (PDT), which have been well documented to induce direct tumor cell killing and an indirect effect through the induction of vascular damage (10, 23) . They also include biological response modifiers or cytokines, such as tumor necrosis factor (TNF) and interleukins; certain established chemotherapeutic drugs, such as Vinca alkaloids and arsenic trioxide (ATO); and various ligand-based approaches that use antibodies, peptides, or growth factors that can selectively bind to tumor vessels (10, (23) (24) (25) (26) . But more commonly, VDAs involve the use of small-molecule drugs (26) , of which there are two major classes of agents. The first includes flavone acetic acid (FAA) and its derivative 5,6-dimethylxanthenone-4-acetic acid (DMXAA), which have a complex mechanism of action that is poorly understood, but their main effect on vascular endothelial cells is thought to involve a cascade of direct and indirect effects, the latter involving the induction of cytokines, especially TNF-a, leading to the induction of hemorrhagic necrosis (27, 28) . A second group includes the tubulin-binding agents combretastatin A-4 disodium phosphate (CA4P), the phosphate prodrug of N-acetyl-colchinol (ZD6126), AVE8062, NPI2358, MN-029, and OXi4503 (26, 28) . These tubulin-depolymerizing agents are primarily believed to selectively disrupt the cytoskeleton of proliferating endothelial cells, resulting in endothelial cell shape changes and subsequent thrombus formation and vascular collapse (28) . Because they preferentially target dividing endothelial cells, this accounts for their tumor specificity. Both types of small molecular drugs have been shown to have potent antivascular and antitumor efficacy in a wide variety of preclinical models, and the lead agents are undergoing clinical evaluation (24) .
Because AIAs and VDAs induce vascular effects by very different mechanisms, their antitumor activity and optimal application will be very different. Figure 1 illustrates the major differences. Generally, AIAs are given as a chronic administration and essentially slow tumor development (26) . There are examples where tumor growth can be completely inhibited or the treatment of established tumors can result in tumor regression, but these tend to be exceptions rather than the norm (29) (30) (31) . Consequently, AIAs are probably best suited for early-stage or metastatic disease. Figure 1 . Schematic representation of the effects of AIAs and VDAs on tumors. Gray, tumors; red, normal and neovasculature; blue, induced necrosis. Tumor growth only occurs after they have established their own functional blood supply by angiogenesis. This growth can be inhibited using either AIAs ( ) or VDAs ( ), alone or in combination, given under optimal conditions. Inset, actual growth data for the human ovarian carcinoma OW1 grown s.c. on the flanks of nude mice and treated when at 200 mm 3 in size. Animals were treated with vehicle control (o), ZD6474 given p.o. on days 1 to 5 at a dose of 25 mg/kg (.), ZD6126 injected i.p. on days 1, 3, and 5 at a dose of 100 mg/kg (4), or a combination of both ZD6474 and ZD6126 (E). Results are mean values for eight mice per group and are taken from ref. 36. With VDAs, the administration is of a more acute type to induce substantial vascular shutdown (26) . Antitumor effects should also be possible with lower doses given over a prolonged period, but that would probably increase the risk of normal tissue vessel damage and defeat the potential benefit. Following treatment with VDAs, tumor shrinkage has been observed, but this seems to be tumor and drug dependent and although significant it is generally modest and thus tumor growth is only temporarily delayed (26, 32) . There is good evidence that VDAs have a superior effect on bulky disease (33) (34) (35) . Also illustrated in Fig. 1 is the effect one observes when AIAs and VDAs are combined. In terms of antitumor activity, the inhibition of tumor growth with the combination is greater than the effects from either treatment alone, and this has been shown with several different combinations of AIAs and VDAs (36) (37) (38) (39) (40) (41) . Still, irrespective of whether the VTAs are given alone or in combination, for tumor control to be obtained these agents typically must be combined with more conventional therapies.
Pathophysiologic Effects of VTAs
Angiogenesis inhibitors. When compared with the normal tissue vessels from which it arises, the tumor vascular supply is very different (6, 7) . It is very primitive in nature, morphologically and functionally abnormal, and typically unable to keep pace with the rapidly growing tumor cell mass. Consequently, the neovascular network fails to meet the demands of the tumor cells for oxygen and nutrients, and this failure results in the development of oxygen-deficient, nutrient-deprived, and highly acidic conditions within the tumor (6, 7) . Surprisingly, clonogenic cells can survive in such adverse environmental conditions and are known to play a major role in influencing tumor response to therapy (42, 43) and malignant progression (44, 45) .
The inhibition of tumor growth induced by treatment with AIAs is generally associated with a reduced vascular density. This has been shown for anti-VEGF monoclonal antibodies (46, 47) , tyrosine kinase inhibitors (29, 31, (47) (48) (49) , and nonspecific inhibitors, such as endostatin (50, 51) , arginine deiminase (47) , and anginex (52) . However, it is not a universal finding and there are examples where vascular density remained unchanged (52) (53) (54) (55) and even one example where it increased (56) despite tumor growth being inhibited. In those situations where vascular density is reduced, it would be expected to increase the adverse microenvironmental conditions within the tumor. Indeed, as listed in Table 1 , studies with several different AIAs have reported a decrease in tumor oxygenation status, measured using a variety of conventional end points, such as the Eppendorf polarographic oxygen electrode (47, 52) , hypoxic markers (57), or classic radiation response assays (58, 59). Two studies did not measure tumor oxygenation directly but found a decrease in tumor blood perfusion (60, 61) , and such changes would have been expected to decrease tumor oxygenation as was seen with anginex (52) . However, a reduced oxygenation status with AIA treatment is clearly not a universal phenomenon. Some studies reported no change in tumor oxygenation (46, 47, 49, 55, 62) . Using endostatin in a well-vascularized MCa35 mammary carcinoma, this lack of effect was not surprising because the AIA also had no apparent influence on tumor vasculature or growth (55) . But for the anti-VEGF monoclonal antibodies in the LS1747 colon adenocarcinoma (46) and 54A small cell lung cancer (62) , tumor growth inhibition was reported, and in the LS1747 tumor, this was associated with a decrease in the number of tumor vessels (46) . Furthermore, with arginine deiminase, the lack of any effect on oxygenation status of the WAC2 neuroblastoma was observed, despite the AIA decreasing tumor vascular density and perfusion and inhibiting tumor growth (47) .
AIA-induced improvements in tumor oxygenation have also been reported (46, 50, 55, 56, (63) (64) (65) (66) (67) . In one study using the anti-VEGF monoclonal antibody DC101 in a Shionogi mammary carcinoma grown in a window chamber, it was shown that, as untreated tumors grew, vascular density increased whereas oxygenation status decreased (50) . Treatment with DC101 every 3 days for a total of 18 days resulted in a general decrease in vascular density and corresponding decrease in oxygenation. It was only at the end of the treatment period that vascular density and oxygenation began to increase. Interestingly, tumor oxygen consumption was unchanged in control tumors and remained relatively constant throughout the initial period of treatment with DC101, only increasing toward the end of treatment. Tumor oxygenation was also increased by an anti-VEGF monoclonal antibody in U87 glioblastomas (46) . However, no change was observed when using a clamped tumor growth delay assay, leading to the authors questioning the significance of the oxygenation changes. Similar results were also reported for thrombospondin in a D-12 human melanoma using tumor growth delay (64) , but a clear reduction in hypoxia was seen using the classic paired survival curve assay, suggesting that AIAs can decrease tumor hypoxia but that they have other effects that can sometimes mask the improvements in tumor oxygenation. One study that clearly showed an improvement in oxygenation status during treatment with an AIA was that of Winkler et al. (65) . Using the hypoxic cell marker pimonidazole, they found a significant improvement in oxygenation of a human glioblastoma xenograft grown orthotopically in the mouse brain during treatment with DC101. This improvement corresponded to a transient period of stabilization of the tumor vessels, in which less mature vessels are destroyed and other vessels are stabilized by the recruitment of pericytes. This stabilization period has been termed the ''normalization window'' (68) . Interestingly, additional studies with the angiogenic inhibitor thalidomide and measuring oxygenation in murine FSaII fibrosarcomas and TLT liver tumors using electron paramagnetic resonance oximetry reported a similar transient window of improved oxygenation (66, 67) . The apparent transient nature of this effect would suggest that unless the timing of oxygenation measurement is optimal then the improvement in oxygenation by AIAs could be missed and this could account for the lack of effect in five of the studies in Table 1 . But it certainly does not account for those studies showing a decrease in oxygenation. Moreover, the study by Winkler et al. (65) showed that, 2 days after treating animals with DC101 (3 Â 40 mg/kg), tumors were still significantly better oxygenated, yet in the study by Fenton et al. (57) , using the same DC101 drug and a similar schedule (3 Â 45 mg/kg), the tumors 2 days after treatment were significantly more hypoxic. These findings suggest that the normalization effect may not be universally observed or, at the very least, a tumor-dependent phenomenon.
Another major pathophysiologic effect of AIAs that has often been reported involves changes in interstitial fluid pressure (IFP). In general, tumor IFP is high, although it is normally lower at the tumor periphery (69, 70) . Following treatment with AIAs, IFP drops (46, 66, 71, 72) . With vascular density decreasing then, the most likely explanation for a decrease in IFP would be a decrease in the number of tumor cells, and indeed, there is evidence that treatment with AIAs can lead to tumor cell killing (47, 73) . However, other mechanisms may also be involved. One study with PTK787/ZK 222584, a specific inhibitor of the VEGF receptor tyrosine kinases, showed using dynamic contrast-enhanced magnetic resonance imaging in a murine renal cell carcinoma that this inhibitor could decrease vessel permeability and such an effect would be expected to reduce IFP (48) .
Vascular-disrupting agents. The effects of VDAs on tumor pathophysiology are less controversial. As a consequence of inducing vascular damage, blood perfusion is reduced, and this has been reported for TNF (74, 75) , Vinca alkaloids (76-78), ATO (79, 80) , FAA (76, 81, 82) , DMXAA (83) (84) (85) , CA4P (84-87), ZD6126 (88) (89) (90) , AVE8062 (91, 92) , OXi4503 (93) (94) (95) (96) , and MN-029 (97) . This is illustrated in Fig. 2 using examples from the two major classes of small-molecule drugs, in which perfusion in one tumor model was measured using the RbCl uptake technique. Typically, the reductions in tumor perfusion occur rapidly, often being detected within minutes after administering the VDA and achieving maximal shutdown within 1 to 6 hours (79-87, 89-91, 93-97) . The actual degree and duration of the vascular shutdown are dependent on drug type, drug dose, and tumor model. For example, in a KHT sarcoma, a CA4P dose of 100 mg/kg will produce a >80% maximal decrease in perfusion (85, 98 ) that shows only a partial recovery at 24 hours (85), but in a C3H mammary carcinoma, this same dose only produces a 25% decrease and maximal reductions are only observed when the drug dose is increased to 250 mg/kg (98) , and at both doses perfusion fully recovers by 24 hours (84) . With DMXAA, a 20 mg/kg dose will produce a maximal >70% decrease in perfusion in both the KHT sarcoma (85) and C3H mammary carcinoma (99) , and this reduction is maintained in both models for at least 24 hours after treatment (85, 99) . These differences may reflect different mechanisms by which the VDAs induce vascular effects. How each VDA produces the effect is not clear, but two basic mechanisms have been proposed (28) . The first involves a direct effect on endothelial cells, which induces effects, such as rounding up, blebbing, and apoptosis, all of which can lead to vessel blockage (28, 100, 101) . Such changes have been detected in vitro but are more difficult to show in vivo (102) . Alternatively, there is a more indirect effect mediated through an increase in vessel permeability, which may still be endothelial cell related. Increases in vessel permeability have been shown both in vivo and even clinically (103) (104) (105) (106) (107) (108) (109) and should decrease blood viscosity and increase IFP; the former will decrease flow and thus clotting is more likely, whereas the latter will increase the likelihood of vessel collapse. Actual measurements of IFP, primarily made using the wickin-needle technique, generally show a decrease in IFP after treatment with VDAs (91, 110, 111) . These decreases are time and drug dose dependent and begin to occur rapidly after drug injection; for CA4P in a C3H mouse mammary carcinoma 3 and its Abbreviations: SF, paired survival curve; TC, clamped tumor control; TG, clamped tumor growth; EF5, pentafluorinated derivative of etanidazole; PIMO, pimonidazole; EPR, electronic paramagnetic resonance; Rb, RbCl uptake; H.33342, Hoechst 33342 staining; NSCLC, non-small cell lung cancer. * Assays were radiation response measured using the paired survival curve, clamped tumor control, or clamped tumor growth; Eppendorf polarographic oxygen electrode; hypoxic markers, pentafluorinated derivative of etanidazole, or pimonidazole; phosphorous quenching imaging; electronic paramagnetic resonance oximetry; and blood perfusion measured using either RbCl uptake or Hoechst 33342 staining. cTumor oxygenation was increased, unchanged (no change), or decreased (the use of the term ''Decrease'' indicates that tumor oxygenation was not measured directly but what was to be expected based on the perfusion change obtained). analogue AVE8062 in a LY80 rat tumor model (91) , such decreases were seen within 15 minutes. Interestingly, these changes in IFP occurred either at the same time (91) or actually followed (111) 3 rather than preceded the VDA-induced decrease in tumor blood perfusion. One study actually reported no effect of CA4P on IFP in a BT 4 An rat tumor model and an increase with vinblastine (112) . However, those measurements were made 3 hours after treatment and the study with ZD6126 in KHT sarcomas showed a decrease in IFP at 1 hour after injection, but at 3 hours, IFP had returned or even exceeded pretreatment levels followed by a progressive decrease reaching f25% of control values by 72 hours after treatment (111) , again confirming the importance of timing. Recently, Vincent et al. (113) showed the selective disruption of the molecular engagement of the endothelial cell junction protein vascular endothelial-cadherin following VDA treatment, providing another possible factor involved in tumor vessel disruption by this class of agents. Regardless of the mechanism(s), the ultimate effect of the vascular shutdown is ischemia and cell death, reflected by an increase in tumor necrosis. This has been observed with ATO (79, 105) , FAA (114), DMXAA (83, 99) , CA4P (86, 98, 115, 116) , ZD6126 (88, 90, 102) , OXi4503 (94, 96) , and MN-029 (97) . The effect of some of these VDAs on necrosis in a C3H mammary carcinoma is also illustrated in Fig. 2 and shows that even within one tumor model the effects of VDAs can be highly variable, an effect that is probably related to the severity of the vascular collapse.
The VDA-induced reductions in functional tumor vasculature will also be reflected in changes in other pathophysiologic variables, and some of these are illustrated in Fig. 2 . Most solid animal and human tumors contain varying degrees of hypoxia (6, 117) . Following treatment with VDAs, tumor oxygenation status decreases even further (78, (118) (119) (120) (121) (122) . This is clearly associated with the increased necrosis, but studies using 19 F magnetic resonance imaging oximetry suggest that there is a decrease in oxygenation status even in viable tissue (122) . Recent measurements of blood flow changes in the tissue that survives VDA treatment support this notion. 4 Tumor pH is another pathophysiologic factor affected by VDAs. The consensus opinion is that intracellular pH of tumor cells is generally maintained within the range typically found in normal cells, whereas extracellular pH tends to be acidic (6, 123) . Treatment with VDAs results in a significant and rapid decrease in extracellular pH (124) . However, VDAs can also decrease intracellular pH (125) (126) (127) , and this latter effect is also illustrated in Fig. 2 .
Combining VTAs with Other Therapies
Radiation therapy. Combining AIAs with radiation is a logical step. Tumor progression is a major reason for radiotherapy failure and so by inhibiting such progression one should be able to improve radiation response. Numerous preclinical studies have investigated the potential of combining AIAs and radiation, and these studies are summarized in Table 2 . The radiation treatments have involved both single and fractionated schedules. For single radiation treatments, there are clear differences in the total doses given, whereas in the fractionated studies, not only do the total doses vary considerably, there are also large differences both in the number of fractions given and the time over which the doses were delivered. The AIAs evaluated include both nonspecific as well as targeted molecules. Here, the lack of standardization is even more obvious. This is true not only for the drug doses and treatment times used but also for the different combination schedules applied with radiation. These include administering the inhibitor during the radiation treatment (54, 59, 66, (128) (129) (130) (131) (132) (133) (134) (135) , before starting the irradiation (46, 51, 53, 58, 60) , after completing the radiation (47, 72, 136) , or a combination of before, during, and/or after irradiation (49, 52, 57, 61, 62, 64, 65, 72, 73, 128, 129, 135, (137) (138) (139) (140) (141) (142) (143) . Such differences make broad generalizations very difficult. However, there is one aspect on which all but a few agree and that is that the combination of AIA and radiation is superior to either treatment alone. Several studies even suggest that this combination gives a result that is greater than an additive response. But without detailed analysis (144, 145) , such conclusions may be extremely tenuous. Still, even an additive outcome would have a major benefit provided similar enhancements are not observed in critical normal tissues. Although additional data are clearly needed, one study that did investigate this issue (Table 2 ; ref. 62) reported no change in radiation-induced skin damage by DC101.
The response of any cell type to radiation is strongly dependent on oxygen concentration (146, 147) , and because AIAs have been shown to improve the oxygenation status of tumors (46, 50, 55, 56, (63) (64) (65) (66) (67) , the potential for a greater than additive effect when AIAs and radiation are combined clearly exists. However, those studies that have investigated the time dependency of this AIA-induced improvement in tumor oxygenation reported that the window of opportunity to exploit this possibility was short (65) (66) (67) . Indeed, when combined with radiation, the only time synergy was observed was when the radiation was administered at the time of maximal reduction in tumor hypoxia (65) . Irradiating immediately before, or after, this period only resulted in an additive response to the AIA and radiation treatment, although hypoxia was still significantly reduced at these times. This suggests that changes in oxygenation may not be the only factor involved, and unless it is possible to accurately predict the window of opportunity for each drug and tumor type, the potential for exploiting oxygenation modification by AIAs remains minimal. At the same time, there is clear evidence that AIAs can also induce hypoxia in tumors (47, 52, (57) (58) (59) (60) (61) , and such an effect has the potential to reduce the efficacy of the radiation treatment, a result that has also been reported (58, 59). Such a negative effect is a major concern when trying to translate the preclinical studies into clinical trials, and to avoid such a potential problem, it would seem prudent to administer AIAs after radiation.
Several studies have actually investigated the importance of sequencing between radiation and AIAs especially with tyrosine kinase inhibitors. One study using A451 tumors gave a single radiation treatment, either 1 day before or 1 day after the start of a 3-week treatment with SU11657, and found that the latter schedule was superior (72) . An additional study using ZD6474 in a fractionated drug and radiation treatment schedule over a 2-week period showed that the combination effect was additive and independent of whether the drug was given before (neoadjuvant), during (concomitant), or after (adjuvant) the radiation treatment (141) . Similarly, the same drug given concurrently with radiation in another tumor model was only additive, but when an adjuvant schedule was used, a larger enhancement was obtained (61) . An adjuvant schedule was also found to be superior to neoadjuvant or 4 Salmon and Siemann, unpublished observation. 
(Continued on the following page) concomitant administration of PTK787/ZK 222584 and radiation in head and neck tumors (140) . This benefit of the adjuvant schedule was suggested to be a consequence of the ''tumor bed effect'' (136). This is a well-known phenomenon in which tumor growth can be delayed by implanting tumors into an area that had been previously treated with high-dose radiation (148, 149) . Zips et al. (150) later showed that the growth of FaDu tumors, which were normally unresponsive to a daily dose of 50 mg/kg PTK787/ZK 222584, could be inhibited by this treatment when tumors were grown in a preirradiated bed. They suggested that tumors vascularized by radiation-damaged vessels were far more sensitive to AIA treatment. More recent studies indicate that tumor endothelial cells may be an important target for radiation damage (13) and this could lead to a potential ''target interaction'' for AIAs and radiation. Indeed, it has been shown in vivo that the decrease in microvessel density (MVD) seen after treatment with AIAs can be further enhanced when radiation is also administered (49, 72, 130, 131, 137, 138) . Additional in vitro studies using various types of cultured endothelial cells confirm a direct interaction between AIAs and radiation (54, 72, 130, 131, 134, 137, 138) , an effect that may be mediated through an increase in apoptosis (72, 138) . Probably, the most significant finding from these in vitro studies was that, when AIAs and radiation were combined, an enhanced response was seen regardless of whether a neoadjuvant (54, 72, 134, 137, 138) , concomitant (138, 151) , or adjuvant (130, 133, 142) schedule was used. Interestingly, the administration of VEGF could actually rescue human umbilical vascular endothelial cells from the radiation-mediated cell death (133, 151) . This interaction between AIA and radiation was sometimes seen in tumor cells (72, 142) , but not in all cases (130, 137) , suggesting an endothelial cell-specific effect that could be exploited. Treating tumors with VDAs produces an effect, which even when severe is typically restricted to the central part of the tumor, leaving a rim of viable tumor cells at the periphery (83, 86, 89, 115, 152) . This is presumably because the tumor rim receives its nutritional support from nearby normal tissue blood vessels, which are generally unaffected by the VDA treatment (34, 153) . Those tumor cells surviving in the periphery are also probably better oxygenated than the more central ones and as such would be expected to be more sensitive to radiation therapy. This suggests a logical rationale for combining VDAs with radiation. Such a combination has been the focus of numerous preclinical studies, and these are summarized in Table 3 . All these studies have been done in rodent tumor models and involved both single-dose radiation/drug treatments as well as fractionated schedules. Several studies investigated the importance of timing and sequence between the 
VDA and radiation treatment (89, 98, 154, 155) . By far, the greatest antitumor activity was observed when the VDA was administered within a few hours after irradiating. With such a schedule, there was an indication that the effect was greater than a simple additive response to each agent alone, suggesting some sort of interaction between the two treatments rather than the VDA and radiation killing two different cell populations. Precisely how the VDAs and radiation might interact is not clear. Recent studies suggest that tumor vasculature may also be an important target for radiation damage (13) , and it is possible that some form of interaction at the level of the endothelial cells is occurring, perhaps through the VDA increasing the extent of radiation-induced apoptosis as has been shown in vitro with TNF and radiation (156) . It has also been shown that injecting mice with the VDA and then irradiating typically has little or no benefit, and in some situations, there was an indication that the combined effect was less than an additive response to each agent alone (89, 98, 154, 155) . This suggested that the vascular shutdown induced by the VDA may have rendered some tumor cells hypoxic at the time of irradiation and that those same cells later reoxygenated and survived. Further support for this concept comes from studies in which the combined effect of DMXAA and radiation could be (97) enhanced by including the hypoxia-selective bioreductive drug tirapazamine in the treatment schedule (154) . The reduced effect obtained when giving the VDA before radiation has important clinical applications in which fractionated radiation schedules are generally used. To avoid any possible complications, the optimal approach would probably involve giving the VDA after the last radiation treatment each week in a conventional fractionated schedule. Using such an approach, several preclinical studies have shown a benefit of combining VDAs and fractionated radiation (89, 153, 157, 158) . Giving the VDA more often could still be beneficial provided there is sufficient time for any induced hypoxia to disappear before the next radiation treatment is applied. Indeed, one study using DMXAA and radiation showed that VDAs could be administered more often than once a week during a fractionated schedule without loss of benefit (154) . However, whether this holds true for all VDAs and tumor types is not known, and this critical issue of hypoxia induction by VDAs and the possible consequences of such an induction clearly need further investigation. Improving tumor response to therapy by combining VDAs and radiation will only be of benefit if such a combination does not enhance the response of critical normal tissues to the same degree. This is an aspect that has not been investigated in great detail. However, the preclinical results that have been obtained from the limited studies that have been done are encouraging. Using normal tissues that show an early response to radiation damage, such as skin (98, 154, 155) , or late responding bladder and lung (159) , no enhancement of radiation damage was observed. This is perhaps not entirely surprising because, although VDAs can induce some vascular shutdown in skin, the effects are small compared with that seen in tumors (84, 87) , and no reductions in blood flow have been found in bladder and lung (84) .
Chemotherapy. Numerous studies have also investigated the potential combination of VTAs with chemotherapeutic drugs. Those studies involving AIAs are summarized in Table 4 . Not listed in this table are those studies that combined AIAs with low-dose ''metronomic'' chemotherapy (160) (161) (162) (163) ; the latter being a modified chemotherapeutic regime so that the chemotherapeutic drug itself has antiangiogenic properties, and as such, these studies represent the combination of AIAs rather than true combination of AIAs with chemotherapy. As can be seen in Table 4 , the various permutations for combinations of AIAs with chemotherapeutic drugs are extensive. The schedules used are also highly variable, although typically these studies involved giving the AIAs and chemotherapeutic drugs over the same time period. What is clear is that the majority of studies reported an increased benefit of the combination approach, although in a few examples no additional benefit was found (164) (165) (166) .
Whether the increased effect of combining AIAs with drugs results in a response that is greater than additive is uncertain. However, there are reasons why a greater than additive response may be possible. These involve both nonpathophysiologic as well as pathophysiologic mediated effects. The combination of AIAs and chemotherapy can increase apoptosis. This has been seen in tumors in vivo (167) (168) (169) (170) (171) (172) (173) (174) (175) as well as with tumor and endothelial cells in vitro (72, 176, 177) ; this latter effect probably explains the decrease in MVD seen after such combination therapy (72, 165, 167, 172, 174, (178) (179) (180) . A decrease in MVD might be expected to decrease drug delivery, and in fact, two studies have shown that treatment with TNP-470 can reduce the uptake of temozolomide in rat glioma models (181, 182) . But such an effect would have a negative effect on the combination of AIAs and chemotherapeutic drugs, and this is clearly not seen with any of the studies listed in Table 4 . Other pathophysiologic changes induced by AIAs, which could influence tumor response when AIAs and chemotherapy are combined, include tumor oxygenation and pH, both of which are critical factors in determining the activity of certain drugs (183) (184) (185) (186) (187) (188) . For example, bleomycin, cisplatin, 5-fluorouracil (5-FU), and methotrexate are more cytotoxic toward well-oxygenated cells in tumors (186, 188) , although this dependency is not always seen in vitro (183, 184) ; bioreductive drugs are more effective under hypoxic conditions (183, 186, 187) ; and alkylating agents generally work better in hypoxia-related acidic conditions (185, 187) . Changes in tumor pH following AIA treatment have not been reported, so the role this factor plays in the combination studies is unclear. Tumor oxygenation effects of AIAs have been investigated (Table 1 ), but the controversy surrounding the effects of AIAs on tumor oxygenation status makes it almost impossible to state whether this factor is responsible for the improved response observed when specific AIAs and drugs are combined. Nevertheless, in one study, the ability of thalidomide to enhance the antitumor effect of cyclophosphamide was shown to correlate with the maximal increase in tumor oxygenation by thalidomide (67). This was not the result of a decrease in hypoxia per se but rather correlated with the period of ''normalization'' of the tumor vasculature, and this resulted in an increased uptake of the cyclophosphamide into the tumor. Another pathophysiologic effect of AIAs that probably plays an important role is IFP. As previously mentioned, AIAs decrease IFP (46, 66, 71, 72) , and it has been suggested that such a drop in IFP can result in an induced hydrostatic pressure gradient across tumor vasculature, which would enhance the tumor penetration of large molecules, thus resulting in an increase in drug uptake (71) .
Whatever the explanation for the improvements in antitumor response when AIAs and chemotherapy drugs are combined, there is clear interest in developing clinical studies with such combinations (22). To date, the most convincing clinical study showing the potential benefit of combining AIAs and chemotherapy comes from the phase III trial combining the anti-VEGF monoclonal antibody bevacizumab with irinotecan, fluorouracil, and leucovorin (IFL) in previously untreated metastatic colorectal cancer (189) . In that study, patients were randomized to receive IFL plus bevacizumab or IFL and placebo, and the results showed that the addition of bevacizumab to the chemotherapy regime significantly improved survival.
The combination of VDAs and chemotherapy has also been investigated, and these studies are summarized in Table 5 . For most of these combinations, the enhanced response is most likely attributable to the VDA and cytotoxic drugs targeting two distinct cell populations. By destroying the more central part of the tumor, VDA treatments eliminate cells in those areas that are less well vascularized and where the delivery of systemically administered chemotherapeutic drugs is limited. The cells in these areas are also oxygen deficient, are at low pH, and exhibit reduced proliferation, all of which can reduce the effectiveness of many chemotherapeutic drugs (183) (184) (185) (186) (187) (188) . Conversely, such drugs are more likely to kill cells in the viable rim of tumor tissue that survive the VDA treatment because of the better vascularization, improved oxygenation, pH, and proliferation status in those areas. However, this is not the situation with all combinations because the VDAs can improve the effectiveness of both bioreductive drugs, which are preferentially toxic to hypoxic cells (77, 83, 85, (190) (191) (192) (193) , and cAIAs and drugs were given on various days after tumor implantation (day 0). bAIA given continuously from a s.c. implanted osmotic pump.
x AIAs and drugs were given on various days when tumors had reached a specific size (day 0). k Endostatin was produced by an endostatin-expressing adenovirus, given as an i.m. or i.t. injection of 1 Â 10 9 viral particles. various drugs that show increased efficacy against cells at low pH (194, 195) . In those situations, the enhanced response is probably due to these drugs killing those cells that are made hypoxic following the vascular shutdown induced by the VDA treatment yet had survived this insult. What is clear is that timing and sequencing of the VDAs and chemotherapeutic agents have major effects on the effectiveness of such combinations. Generally, the greatest enhancements are seen when the VDAs are administered within a few hours after giving the chemotherapeutic drug (83, 102, 153, 192, (195) (196) (197) (198) . Most studies show that at this time the enhancement is equivalent to a simple additive response, so it is unlikely that the vascular shutdown by the VDA traps the drug in the tumor. Indeed, in one study with CA4P and 5-FU, an enhanced tumor response was seen with the combination, yet pharmacokinetic analysis showed no effect of CA4P on tumor levels of 5-FU up to 4 hours after treatment, and at longer time intervals, there was actually an increase in drug clearance (197) . However, a VDA-mediated increase in drug uptake in tumors has also been reported (199) . In contrast, injecting VDAs immediately before chemotherapy often results in a loss of benefit (85, 153, 195) , and this can probably be attributed to the reductions in blood flow by the VDA impairing the delivery of the chemotherapeutic drug to the tumor. Even if the combined VDA-chemotherapy treatment yields only an additive tumor response, such an outcome should still result in a therapeutic benefit because the pathophysiologic effects of VDAs that lead to the enhanced tumor response do not occur to the same extent in normal tissues (84, 87) . Indeed, several preclinical studies have now shown improved antitumor effects without concomitant increases in either host toxicity (83, 153, 192, (195) (196) (197) (198) or chemotherapy agent specific normal tissue damage (85, 198) .
Other therapies. There are several other less conventional therapies with which VTAs have been combined and enhanced tumor response observed and in which the pathophysiologic effects of VTAs clearly play a significant role in the enhancement. A review of the pathophysiologic effects of VTAs and their implications for therapy would not be complete without some reference to these less conventional approaches. Principal among these is hyperthermia. The response of tumors to heat treatment is strongly dependent on tumor pathophysiology. Blood flow, being one of the major means by which heat is dissipated from tissues, will affect the ability to heat tumors. Generally, the lower the rate of blood flow, the easier it is to heat (200, 201) . The tumor microenvironment also plays an important role in influencing the tumor response to heat. Several studies have shown that cells incubated under the oxygen-deprived and highly acidic adverse conditions, such as those often found in tumors (6, 7) , are more sensitive to the cytotoxic action of heat (202, 203) . This suggests that treatments that can modify tumor pathophysiology should be capable of changing heat sensitivity, and this has been shown using clamping (204, 205) or physiologic modifiers of blood flow (206) (207) (208) .
Very few studies have investigated the potential of combining AIAs with hyperthermia. One study using the metalloproteinase inhibitor batimastat failed to show any enhancement of heat damage (209) . An improved response to heat was observed with the synthetic analogue of fumagillin, TNP-470 (210, 211) . However, because the effect was temperature dependent and the treatment schedule involved giving TNP-470 after heating, the enhancement was attributed to the AIA inhibiting angiogenesis that occurred following heat-induced vascular damage rather than due to any AIA-induced pathophysiologic changes (210, 211) . Numerous studies have examined the combination of VDAs and heat. The VDAs include TNF (74, 75) , ATO (80, 212) , vinblastine (78) , FAA (81, 124, 213) , DMXAA (99) , and CA4P (78, 214, 215) . All resulted in an enhancement of the heat response. This outcome was time and schedule dependent, with the maximum response generally observed if the heat was started 1 to 6 hours after VDA administration (78, 80, 81, 99, 124, 212, 214, 215) , corresponding to the maximal reduction in blood flow in those studies. As to the exact mechanism responsible for this enhancement, there is evidence for both an improved tumor heating (78, 124, 214) and a decrease in tumor pH (124-127). 
On its own, hyperthermia has no role to play in the curative treatment of cancer and its clinical potential lies in its use as an adjuvant to other more conventional modalities, especially radiation (216) . Indeed, several randomized clinical studies have shown the benefit of combining radiation and heat (217) . Preclinical studies have now also shown that the effect of this thermoradiotherapy can be significantly improved by including FAA (32, 213) , DMXAA (32, 218) , or CA4P (32, 215) in the radiation and heat schedule. These VDAs were always administered after irradiating and before heating so as to exploit the pathophysiologic changes that could enhance both treatments.
Another ''physical treatment'' in which the tumor microenvironment influences response is PDT. PDT involves the administration of a photosensitizing agent and its subsequent activation by light, and this reaction is strongly dependent on oxygen concentration (219) . Combining PDT with agents that have the potential to improve oxygen delivery is clearly a valid approach, and several studies have now shown that, when various tyrosine kinase inhibitors are combined with PDT, a significant improvement in tumor response can be obtained (220, 221) . However, in those studies, the AIAs were always given after the PDT treatment, so the enhancement obtained was not the result of any pathophysiologic effect of the AIAs. Like hyperthermia, PDT not only kills tumor cells through a direct cytotoxic effect but can also have an indirect effect mediated through the induction of vascular damage (10, 23) ; thus, the results may have reflected an inhibition of angiogenesis following this vascular damage.
The pathophysiologic effects of VDAs have also been exploited to improve tumor response to radioimmunotherapy (222, 223) and both antibody-directed (ADEPT) and clostridia-directed (CDEPT) prodrug therapy (224, 225) . The radioimmunotherapy studies have been done with DMXAA (222) and CA4P (223) . Both VDAs were administered 48 hours after injecting the radioactive antibodies to allow sufficient time for maximal tumor accumulation of the latter before the VDA-induced inhibition of tumor blood flow occurred. With both VDAs, a substantial improved response was observed with the combination treatment. Although this may have simply been the result of independent actions of each treatment, the VDA killing hypoxic cells in the center of the tumor and the radioactive antibody killing cells in the more radiosensitive tumor rim, the results also suggested enhancement of the radioimmunotherapy response by entrapment of the radioactive antibody following VDA-induced vessel collapse (222, 223) . Improved tumor response has also been observed for the combinations of ADEPT plus DMXAA (224) and CDEPT with DMXAA or ZD6126 (225) . Timing and sequencing were important factors influencing response, and under optimal conditions, substantial VDA-induced entrapment of the ADEPT or CEDPT moieties was found (224, 225) .
Summary and Conclusions
Although VTAs on their own may elicit significant antitumor effects, their greatest use likely lies in their combination with more conventional therapies. However, the very nature of their mode of action will result in pathophysiologic changes that can influence these other therapies, in both a positive and a negative fashion, and thus, timing and sequencing become critical factors. When AIAs are combined with radiation, the opinion often expressed is that AIAs improve tumor oxygenation and that this can be exploited to enhance radiation response. But this is clearly too simple a generalization. AIAs can also decrease tumor oxygenation, and even under conditions where improvements in oxygenation are seen, only a narrow window of opportunity exists to exploit this effect. Clearly, unless it is possible to accurately and reliably predict the effects on tumor oxygenation for each AIA, each tumor type, and likely each individual tumor, then it would seem prudent to select a schedule that avoids any potentially negative consequences. For VDAs, the situation is clearer in that they induce hypoxia, and giving the VDA after irradiation would seem to be the optimal approach. With chemotherapy, VDAs should be administered in a fashion that minimizes the effects on blood flow to avoid affecting the delivery of the chemotherapeutic agent. Again, this would argue for giving the VDAs after the conventional anticancer drug. Indeed, shutting down blood flow after the chemotherapeutic agent has entered the tumor would still allow for other VDA-induced pathophysiologic changes to be exploited.
These findings suggest that spatial separation between the VTAs and other modalities offers the best strategy for maximizing antitumor effects while minimizing the possibility of reductions in the efficacy of the conventional therapy. Preclinical studies indicate that, when this is done, additive antitumor effects are usually observed. Such a response in the tumor can lead to a substantial therapeutic benefit, although further investigations of normal tissue side effects under these treatment conditions are needed. Overall, the pathophysiologic effects of VTAs need to be considered when the combination of VTAs with other cancer therapies is planned. Based on the results reported in a large body of preclinical investigations, significant improvements in treatment outcome in clinical studies combining VTAs and conventional anticancer therapies are anticipated.
